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When the barrier to acid back-diffusion is disrupted, there is a protective increase in gastric
mucosalblood flow to help remove the back-diffusing acid. Onlyrecentlyhas the mechanism for
calling forth this protective hyperemia been determined. The gastric mucosa and submucosa
are innervated bymanycapsaicin-sensitive sensory nerve fibers containingvasodilator peptides.
The gastric mucosal sensory neurons monitor for acid back-diffusion, and, when this process
occurs, signal for a protective increase in blood flow via release of calcitonin gene-related
peptide from the submucosal periarteriolar fibers.
The endothelium-derived vasodilator, nitric oxide, plays an important role both in the
maintenance of basal gastric mucosal blood flow and in the increase in blood flow that
accompanies pentagastrin-stimulated gastric acid secretion. It also interacts with the capsaicin-
sensitive sensory nerves in the modulation of the microcirculation to maintain mucosal
integrity.
Finally, it hasbeen shown that neutrophils play an important role invarious formsofmucosal
injury. The leukocytes adhere to the vascular endothelium and contribute to injury by reducing
blood flowvia occlusion ofmicrovessels, aswell as by releasing mediators oftissue damage.
In recent years, there has been a significant increase in our knowledge of
mechanisms ofcontrol ofthe gastric microcirculation and the role ofthe microcircu-
lation in gastric mucosal injury. This paper will briefly review three of the newer
concepts in gastric microcirculatory pathophysiology: the role ofthe gastric mucosal
sensory nerves, the role ofthe endothelium-derived vasodilator nitric oxide, and the
role ofthe neutrophil.
ROLE OF SENSORY NERVES IN THE GASTRIC HYPEREMIC
RESPONSE TO ACID BACK-DIFFUSION
Most tissueswould rapidly disintegrate ifexposed to the corrosive acid that bathes
the gastric mucosa. The gastric mucosal barrier [1], however, prevents acid from
entering and damaging that tissue. It haslongbeen recognized that disruption ofthis
barrier, with resultant increased acid back-diffusion, is accompanied by an increase
in gastric mucosal blood flow (GMBF). This increase in flow is thought to dilute,
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FIG. 1. Effect ofsensory denervation ongastric mucosal blood flow (A) and gross and histological injury
(B) producedby mucosal barrierdisruption with ethanol (ETH, 15 percent) in the presence ofacid (0.15 N
HCI). Histological injury grades (section length percentage) are expressed as percentage length of the
section occupied by the respective injury grades (No = 0, Shallow = <25 percent, and Deep = >25
percent). Each bar represents the mean ± SEM of ten rats. *p <0.05 vs. top panels (U test). (Reprinted
from [9] with permission ofW.B. Saunders Co.)
neutralize, and carry awaytheback-diffusing acid [2-4], therebyprotecting the tissue
from injury. The organization of the gastric circulation requires submucosal arteri-
oles tobe dilated inorder to increase GMBF [5]. Thus, the message ofincreased acid
entry must be transmitted over the 500 p,m distance that separates the mucosal
surface from the submucosal arterioles. The gastric mucosa and submucosa are
innervated by many capsaicin-sensitive sensory nerve fibers containing vasodilator
peptides. It has been shown that activation of these fibers by intragastric capsaicin
increases GMBF [6] and prevents gross and histological injury caused by ethanol [7]
or acidified aspirin [8]. Because of these observations, Holzer et al. [9] postulated
that these chemosensitive afferent neurons mediate the blood flow response to acid
back-diffusion.
They tested this hypothesis in an anesthetized rat preparation, using the hydrogen
gas clearance technique, in order to measure gastric mucosal blood flow, and a
continuous gastric perfusion technique, in order to measure acid back-diffusion [9].
When the gastric perfusate was changed from saline to 0.15 N HCI, there was no
change in basal GMBF, but there was a slight loss of acid from the lumen. In
contrast, as shown in the upper panels of Fig. 1, barrier disruption by 15 percent
ethanol in the presence of0.15 N HCI resulted in a significant and sustained increase
in GMBF and (not shown) a marked increase in disappearance of acid from the
gastric perfusate. Only mild gross damage and minimal deep histologic injury of the
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corpus mucosa developed, however. When the same experiment was performed in
rats that had had functional ablation of the capsaicin-sensitive sensory neurons by
systemic pre-treatment with high-dose capsaicin, the findings were quite different
(lower panels of Fig. 1). The sensory denervation had no effect on basal GMBF, but
the hyperemic response to acid back-diffusion was completely lost (even though, not
shown, there was just as marked an acid back-diffusion). In addition, there was a
significant increase in both the area of gross mucosal damage and the percentage
length oftissue section with deep histologic injury.
The above-described study provided strong evidence that the capsaicin-sensitive
sensory neurons in the gastric mucosa play an important role in monitoring for an
acid influx that might threaten the integrity of the mucosa. When these neurons
sense an increase in acid influx, they signal the submucosal arterioles to dilate in
order to increase blood flow into the mucosa to prevent deep and extensive mucosal
injury.
The capsaicin-sensitive sensory fibers in the gastric submucosa densely innervate
the submucosal blood vessels. These nerve fibers contain a variety of peptides,
including substance P, calcitonin gene-related peptide (CGRP), neurokinin A, and
VIP [10-12]. Among these peptides, CGRP is the most potent gastric vasodilator
[13]. Gray et al. [14], as well as Holzer et al. [15], demonstrated that stimulation of
the vascularly perfused stomach with low-dose capsaicin induced a large increase in
the release of CGRP into the venous effluent. Furthermore, Lippe et al. [16]
demonstrated that the close arterial administration of CGRP to the rat stomach
prevented gross injury produced by 25 percent ethanol or acidified aspirin. These
findings led to the hypothesis that CGRP is a major mediator of the gastric
hyperemia induced by stimulation ofcapsaicin-sensitive sensory neurons.
Li et al. [17] tested this hypothesis in the anesthetized rat, using the same
techniques employed by Holzer et al. [9]. The intra-arterial infusion of rat alpha-
CGRP at a dose of 20 pmol/minute significantly increased GMBF by 45 percent.
Prior close intra-arterial infusion ofhCGRP837 (500 pmol/minute for ten minutes)
completely blocked the exogenous CGRP-induced increase in GMBF, thus demon-
strating the efficacy of this specific CGRP receptor antagonist [18]. The effect of
CGRP receptor blockade during acid back-diffusion then was studied. After the
measurement ofbasal GMBF, an intra-arterial infusion ofhCGRP837 or itsvehicle,
bovine serum albumin (BSA), was started and continued for 20 minutes, and then
the intragastric perfusion medium was changed to 0.15 N HCl plus 15 percent
ethanol. Ten minutes after the start of intragastric perfusion of HCl plus ethanol,
GMBF was again determined. Results are shown in Fig. 2. The receptor antagonist
had no significant effect on basal GMBF, but it completely abolished the increase in
GMBF in response to the intragastric perfusion with acidified ethanol. CGRP
receptorblockade also resulted in a significant increase inboth gross corpus mucosal
injury (14.8 percent + 2.6 percent versus 6.7 percent + 1 percent in the BSAgroup)
and deep histologic injury (49.4 percent + 7.5 percent versus 30.2 percent ± 7.3
percent in the BSA group). Recently, Lippe and Holzer [19] showed that this
CGRP-inducedgastricmucosal hyperemia ispreventedbyinhibition ofendothelium-
derived nitric oxide, which suggests that CGRP vasodilation involves stimulation of
release ofendogenous nitricoxide.
These data provide strong evidence that CGRP, possibly acting via release of the
endothelium-derived relaxing factor nitric oxide, is a major mediator in the gastric
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hyperemic response to acid back-diffusion. With the inhibition of the hyperemic
response to acid back-diffusion, either by sensory denervation or CGRP receptor
blockade, gross and histological gastric mucosal damage is significantly aggravated.
This finding adds to the evidence that the hyperemic response is an important
protective mechanism against acid-induced injury.
ROLE OF THE ENDOTHELIUM-DERIVED RELAXING
FACTOR NITRIC OXIDE
The existence ofan endothelium-derived relaxingfactor (EDRF) wasunsuspected
until the discovery by Furchgott and Zawadzki [20] of the importance of an intact
endothelium in acetylcholine-induced vascular relaxation. They observed that, while
acetylcholine produced graded relaxation of unrubbed isolated preparations of
rabbit aorta, no relaxation occurred in preparations which had been rubbed to
remove the endothelium. This first description ofthe phenomenon was confirmedby
other laboratories, and it was also shown that a wide range of vasodilators release
EDRF [21]. Subsequent studies demonstrated that EDRF had a half-life ofabout six
seconds and, in this and other respects, was pharmacologically similar to nitric oxide.
In 1987, itwas established in independent studies by Palmer et al. [22] and Ignarro et
al. [23] that EDRF indeed was nitric oxide (NO). It is known now that activation of
the endothelial cell stimulates the production of endothelium-derived nitric oxide
(EDNO) from L-arginine via the action ofthe enzyme nitricoxide synthetase (NOS).
The nitric oxide diffuses into the vascular smooth muscle, where it activates soluble
guanylate cyclase (sGC), resulting inthe accumulation ofcyclicguanosinemonophos-
phate (cGMP). In turn, thisprocess leads tocyclicGMP-dependent proteinphophor-
ylation, which probably mediates the vasodilator action of EDRF [21]. Another
important advance in studies ofEDRFwas the findingthat L- (but not D-) analogs of
arginine, by serving as a competitive substrate for NOS, inhibited the formation of
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FIG. 3. Effects ofivL-NMMA, L-NMMA + L-arginine, or D-NMMAon resting systemicarterial blood
pressure (BP) or gastric mucosal blood flow (GMBF) as estimated by hydrogen gas clearance in the
anesthetized rat. Results, expressed as percentage change from the controlvalues, are the means + SEM
ofseven to eight rats pergroup,where statistical difference fromcontrol is shown as *p <0.05. (Reprinted
from [24] with permission ofElsevier Publishers.)
nitricoxide. The original EDRF studieswere performedin vitro in large conductance
vessels, such as the aorta, which play little or no role in regulating tissue flow;
arterioles are the resistance vessels which control tissue blood flow. By using
L-arginine analogs in vivo to inhibit NO formation throughout the vascular tree, the
role of NO release from arterioles in the regulation of tissue blood flow could be
studied. Endogenous NO now has been implicated in the regulation of resting
GMBF. In addition, it appears to serve as a mediator for certain types of gastric
hyperemia. Other mechanisms also play a role in the regulation ofthese and related
gastric phenomena and have been shown to interact with NO.
Role ofEndogenous NO in Gastric MucosalBloodFlow
Pique et al. [24] used the L-arginine analog NG-monomethyl-L-arginine (L-
NMMA) to investigate the role of endogenous NO in the modulation of gastric
mucosal blood flow, as determined by the hydrogen gas clearance technique. The
intravenous administration of 12.5-50 mg/kg induced a significant dose-dependent
increase in systemic blood pressure, and a significant dose-dependent decrease in
gastric mucosal blood flow (Fig. 3). The specificity of the analog effect was demon-
strated by the inhibition ofboth the rise in blood pressure and the fall in GMBF by
the concurrent administration of 100 mg/kg L-arginine, and the failure of the
enantiomer, D-NMMA, to alter resting blood pressure or GMBF. Thus endogenous
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FIG. 4. Effects of pre-treatment (30 minutes) with L-NMMA (12.5 mg/kg iv) on resting and
pentagastrin-stimulated (80 p.g/kg/hour iv) gastric acid secretion (A) and MBF (B). Results, shown as the
change in acid output (,uEq/minute) or MBF (ml/minute/100 g) from the initial basal values after
administration of saline (control; open bars) or L-NMMA (shaded bars), are the mean + SEM of six
experiments in each group. *Significant difference from the control group,p <0.05 (Student's t-test for
unpaired data). (Reprinted from [26] with permission ofW.B. Saunders Co.)
NO plays a role in the modulation of basal blood vessel tone in the gastric mucosal
microcirculation.
Walder et al. [25] studied the role ofNO as a possible mediator ofthe hyperemia
that accompanies pentagastrin-stimulated acid secretion. Laser Doppler flowmetry
was used to monitor GMBF. Pentagastrin, 750 ng/kg/minute intravenously (iv),
produced an increase in mucosal blood flow within 30 seconds, and this hyperemia
lasted throughout the ten-minute infusion period. Pre-treatment with L-NMMA, 1
mg/kg/minute for ten minutes, attenuated the increase in GMBF by 82 percent.
Similar results were obtained by Pique et al. [26], using the hydrogen gas clearance
technique to measure GMBF and a continuous gastric perfusion technique to
measure acid secretion. L-NMMA, 12.5 m/kg iv, had no effect on pentagastrin-(80
,ug/kg/minute) stimulated acid secretion, but attenuated the accompanying increase
in blood flow by 65 percent (Fig. 4). A larger dose of L-NMMA, 50 mg/kg iv,
completely inhibited the increase in GMBF and slightly, but significantly, inhibited
acid secretion. Thus endogenous NO not only modulates basal gastricvascular tone,
but also is a mediator of the vasodilator response that accompanies stimulation of
acid secretion. It does not appear, however, to have any direct effect on the
stimulation ofacid secretion.
Interactions Between Endogenous NOand OtherMechanisms in theMaintenance of
GastricMucosalIntegrity andRestingBloodFlow
The interactions between endogenous NO, endogenous prostacyclin, and sensory
neuropeptides (released from capsaicin-sensitive neurons) in the maintenance of
gastricmucosal integritywere investigatedbyWhittle et al. [27]. Acid saline (100mM
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HCl) was instilled into the gastric lumen of a pylorus-ligated, anesthetized rat.
Administration of one of the three substances, L-NMMA to inhibit endothelium-
derived NO formation, indomethacin to inhibit prostanoid biosynthesis, or chronic
capsaicin pre-treatment to denervate the capsaicin-sensitive sensory nerves, alone
did not induce acute mucosal injury in these rats. In capsaicin-pre-treated rats,
however, L-NMMAdose-dependently induced acute mucosal damage. In indometh-
acin-pre-treated rats (5 mg/kgiv), L-NMMAalso inducedmucosal damage. Further-
more,followingindomethacin administration incapsaicin-pre-treated rats, L-NMMA
induced even greater damage than it didwith either indomethacin- or capsaicin-pre-
treatment alone. These findings indicate a role for endgenous NO acting in concert
with endogenous prostaglandins and sensory neuropeptides in the modulation of
gastric mucosal integrity.
Since the maintenance ofgastric mucosal function and integrity depends critically
on the status ofthe microcirculation, Tepperman and Whittle [28] then investigated
the effect of these combinations of treatments on gastric mucosal blood flow, as
measured by laser Doppler flowmetry in the anesthetized rat. NG-nitro-L-arginine
methyl ester (L-NAME), a more potent inhibitor of NO biosynthesis, was used in
this study. L-NAME induced a dose-dependent and significant fall in resting blood
flow. A threshold dose ofL-NAME, which had no effect on resting blood flow in the
normal rat, did significantly decrease resting GMBF in capsaicin-pre-treated rats.
Capsaicin-pre-treatment, however, had no effect on the hypertensive actions of
L-NAME. Interestingly, indomethacin had no significant effect either on the fall in
blood flow induced by L-NAME in capsaicin-pre-treated rats or on the hypertensive
action ofL-NAME in those rats.
These blood flow data provide evidence for an interaction ofNO with endogenous
sensory neuropeptides from capsaicin-sensitive afferent neurons in the modulation
of the gastric microcirculation. The fact that the hypertensive actions of L-NAME
were not significantly altered in capsaicin-pre-treated rats indicates that the interac-
tions between endogenous NO and sensory neuropeptides are not generalized
effects in all vascular beds. It is possible that this interaction contributes to the
L-NMMA-induced acute mucosal injury in capsaicin-pre-treated rats. On the other
hand, indomethacin had no effect on the blood flowchanges induced by inhibition of
NO synthesis in capsaicin-pre-treated rats, even though it augmented the mucosal
injury in this situation [27]. Thisfinding suggests that endogenous prostanoids do not
interact with NO and sensory neuropeptides in the modulation of resting mucosal
blood flow, yet do influence the tissue susceptibility to local ischemia [28].
ROLE OF NEUTROPHILS IN GASTRIC MICROCIRCULATORY
PATHOPHYSIOLOGY
As described in the review by Granger [29], there now is substantial evidence to
support the hypothesis that xanthine oxidase-derived oxyradicals and granulocytes
play a major role in ischemia-reperfusion microvascular injury. During the ischemic
period, xanthine dehydrogenase is converted into xanthine oxidase. On reperfusion,
the molecular oxygen brought to the tissue reacts with hypoxanthine and xanthine
oxidase to produce a burst ofsuperoxide anion and hydrogen peroxide. The latter, in
turn, react with iron, via the Haber-Weiss reaction, to form the highly reactive
hydroxyl radical, which initiates lipid peroxidation of cell membrane components
with the release of substances that attract, activate, and promote the adherence of
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granulocytes to the microvascular endothelium. The adherent neutrophils cause
further cell injury ofendothelial cells and, following diapedesis into the tissue, cause
injury ofparenchymal cellsvia release ofsuperoxide anion and various proteases. In
vitro studies have shown that activated neutrophils must adhere to endothelial cell
monolayers to enhance paracellular permeability or to produce cell injury [30].
Analogous in vivo studies were performed by Hernandez et al. [31], in which either
neutrophils were depleted using anti-neutrophil serum, or neutrophil adherence to
the endothelial cellwasblocked bythe use ofa monoclonal antibody directed against
a specific membrane-associated glycoprotein that modulates neutrophil adherence
to endothelium. Both neutrophil depletion and prevention of neutrophil adherence
were equallyeffective in attenuatingischemia-reperfusion-induced increase inmicro-
vascular permeability in the small intestine.
Studies in the rat stomach have demonstrated an important role for neutrophils
notonly in hemorrhagic shock injury (an ischemia-reperfusion injurymodel) but also
in ethanol and non-steroidal anti-inflammatory drug-induced injury.
Hemorrhagic Shock
Smith et al. [32] studied the effect of neutrophil depletion, by anti-neutrophil
serum, on gastric mucosal injury and blood flow in rats subjected to 30 minutes of
shock (hemorrhage to 27 mm Hg arterial pressure), followed by a 60-minute
reperfusion period. Pre-treatment with anti-neutrophil serum reduced the number
of circulating neutrophils by 95 percent, hemorrhagic shock-induced gross lesion
area by 50 percent, and the clearance of51Cr-labeled red blood cells into the gastric
lumen by 80 percent. Blood flow was measured by the radiolabeled microsphere
technique. Although neutrophil depletion did not affect basal or reperfusion blood
flow in the stomach, blood flows in the ischemic (shock) period were significantly
higher in the mucosa and submucosa of both the corpus and antrum. These data
suggest that the neutrophils in this situation might be acting by adhering to the
microvascular endothelium and increasing resistance to blood flow, thereby exacer-
bating the tissue hypoxia induced by hemorrhagic hypotension.
EthanolInjury
Kvietys et al. [33] studied the effect ofneutrophil depletion on the gastric mucosal
injury produced by perfusing the lumen of the anesthetized rat's stomach with
progressively increasing concentrations of ethanol (10, 20, and 30 percent, each for
40 minutes). Mucosal injury was assessed bygastric clearance of51Cr-labeled EDTA
(ethylenediaminetetraacetic acid), which was injected intravenously at the start of
each study. There was a marked dose-dependent increase in 5lCr-EDTA clearance
from blood-to-gastric lumen with the ethanol perfusions, and this increasing clear-
ance correlated with increasing histological damage. Neutrophil depletion signifi-
cantly attenuated the gastric mucosal injury (Fig. 5A). Interestingly, the extent ofthe
gastric mucosal protection was directly related to the severityofthe neutropenia: the
greater the neutropenia, the greater the protection (Fig. SB). Oxyradicals did not
seem to be involved in the injury, as treatment with superoxide dismutase, catalase,
or inactivation of xanthine oxidase (by tungstate pre-treatment) did not offer
significant protection against the injury. The authors postulated that ethanol, diffus-
ing into the gastric tissue, stimulated the formation of proinflammatory compounds
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FIG. 5. A. The effect of neutropenia on ethanol-induced increases in 5ICr-EDTA
clearance from blood to lumen. The gastric lumen was perfused with 10 percent, 20
percent, and 30 percent ethanol. The neutropenic animals had significantly (p <0.05)
smaller increments in 51Cr-EDTA clearance at all concentrations of ethanol than did
control animals. B. Relationship between ethanol-induced changes in 51Cr-EDTA
clearance and the degree of polymorphonuclear (PMN) leukocyte depletion in ani-
mals treated with anti-neutrophil serum (ANS). Data are the responses of individual
animals to 10 percent, 20 percent, and 30 percent ethanol. (Reprinted from [33] with
permission ofW.B. Saunders Co.)
that promoted the adherence of circulating neutrophils to the microvasculature and
activated both resident and adherent neutrophils. The activated granulocytes gener-
ate oxyradicals and secrete various proteases. Since oxyradicals did not appear to be
involved, the authors postulate that neutrophilic proteases may be the final media-
tors ofthe ethanol injury.
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FIG. 6. Lightmicrographsofrabbitgastricmucosaafterluminalexposure toindomethacin (H&E). A.
Example of a neutrophil (solid arrow) apparently occluding a microvessel. This neutrophil is in direct
contact with the vascular endothelium on both sides, and congestion of the microvessel immediately
beneath the surface epithelium is apparent (open arrows). B. Large venule in the muscularis mucosae
with a number of marginated leukocytes, at least two of which are neutrophils (arrows). C. Mucosal
venule with a number of marginated and aggregated leukocytes (solid arrows). The nucleus of an
endothelial cell is indicated by the open arrow. There is a column of erythrocytes between the two
aggregates of marginated leukocytes, suggesting vascular stasis. The venule is located near the base of a
gastric gland. The calibratation bar at the top of A represents 25 p.m for A and C and 18 p.m for B.
(Reprinted from [35] with permission ofW.B. Saunders Co.)
Non-SteroidalAnti-Inflammatory Drug (NSAID) Injury
Wallace and his colleagues [34,35] have provided strong evidence that gastric
mucosal injury by NSAIDs is a neutrophil-dependent process. Rats made neutrope-
nicbyprior treatmentwith anti-neutrophil serumwere found tobe significantly more
resistant to the gastric damaging actions of indomethacin or naproxen than were
control rats [33]. This effect appeared to be due to the neutropenia and not to
differences in inhibitionofprostaglandin synthesis, asgastriccyclo-oxygenase activity
was inhibited by over 95 percent in both normal and neutropenic rats which received
indomethacin or naproxen. The investigators then used a rabbit model to examine
the role of leukocyte adherence in the mechanism ofthe NSAID-induced gastropa-
thy. Gastric damage was produced by intragastric instillation of indomethacin (5
gm/ml) for a period of 30 minutes. Histologic studies revealed vascular congestion
and leukocyte margination within the mucosa (Fig. 6). Grossly, the indomethacin
treatment caused the formation of numerous hemorrhagic lesions. In rats pre-
treated with a monoclonal antibody (IB-4) directed against adhesion molecules on
the leukocyte, the extent ofthis damage was markedly reduced. The histologic injury,
vasocongestion, and leukocyte margination also were markedly and significantly
reduced. Thus leukocyte adherence to the gastric vascular endothelium appears to
be an important factor in the pathogenesis of NSAID-induced gastric injury. The
authors postulate that the leukocytes contribute to the mucosal injury by occluding
microvessels, thereby reducing mucosal blood flow, and by releasing various media-
tors, proteases, and free radicals that can produce tissue necrosis.
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CONCLUSIONS
The gastric mucosa and submucosa are innervated by many capsaicin-sensitive
sensory nerve fibers containing vasodilator peptides. These fibers play an essential
role in protecting the mucosa against acid back-diffusion injury. The gastric mucosal
sensory neurons monitor for acid back-diffusion, and, when this condition occurs,
signal for a protective increase in blood flow via release of calcitonin gene-related
peptide from the submucosal periarteriolar fibers. Endogenous nitric oxide also is
involved in this signaling mechanism. Whether it is released from the endothelium by
CGRP and acts as the final dilator principle or acts as a neurotransmitter in the
neural pathway between the mucosal and submucosal nerves remains to be deter-
mined.
The endothelium-derived vasodilating factor, nitric oxide, plays an important role
both in the maintenance ofbasal gastric mucosal blood flow, and in the increase in
blood flow that accompanies pentagastrin-stimulated gastric acid secretion. It also
interacts with the capsaicin-sensitive sensory nerves in the modulation of the
microcirculation to maintain mucosal integrity. The precise mechanism of this
interaction, however, has not yet beenworked out.
Recently it has been shown that neutrophils play an important role in various
forms of mucosal injury. The leukocytes adhere to the vascular endothelium. It has
been hypothesized that theycontribute to injuryby reducingblood flowvia occlusion
of microvessels, as well as by releasing mediators of tissue damage both within the
microvessels and in the tissue after extravasating from the vessels.
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